The leaves of Phaseolus vulgaris L. cv Greensleeves contain an endopeptidase with a pH optimum of 9.0 and an isoelectric point between 10.0 and 10.5. This endopeptidase is the only abundant Azocoll-digesting proteinase in the leaves. The activity of this enzyme is highest in immature leaves and declines as the leaf matures and senesces. Enzymically isolated protoplasts contain very little of this proteinase. The proteinase can be recovered readily from the extracellular fluid obtained by gentle centrifugation of leaf strips vacuum-infiltrated with a buffered solution. These experiments indicate that the Azocoll digesting proteinase is located in the periplasmic space and/or the cell wall.
Our present view of the structure of the cell wall is one in which cellulose fibrils are embedded in a three-dimensional matrix of hemicelluloses, pectic polysaccharides, and glycoproteins with hydroxyproline-rich domains. The extent of the covalent linkages between the various matrix molecules remains a matter ofspeculation. The activities ofplant cells involve biosynthesis of new cell wall components, as well as modification (breaking and making covalent bonds) and breakdown ofexisting cell wall macromolecules. In addition to the structural components, cell walls contain enzymes involved in metabolic reactions outside the protoplast. Numerous glycosidases capable ofdegrading cell wall polysaccharides have been found associated with the wall (5, 6) . With the exception of a preliminary report (13) , there is, to our knowledge, no documented report of the presence of a proteinase in the cell walls of organized tissues. Proteinase activity may be necessary to modify the cell wall glycoprotein at a time when cell walls are actively growing, undergoing turnover, or are being broken down. In 3 To whom reprint requests should be addressed at Department of Biology, C-0 16, UCSD, La Jolla, CA 92093.
described (3).
Enzyme Extraction. Immediately after the leaves were taken from the plants, they were weighed, cut into small pieces, rinsed with distilled H20 and cooled to OC. The leaves were then homogenized in 4 volumes of 50 mm K-phosphate (pH 7.4) containing 1% insoluble PVP (Sigma). Homogenization was for 3 min at 0C with a Polytron homogenizer (Kinematica, Luzern, Switzerland). The homogenate was strained through four layers of cheesecloth and centrifuged at 25,000g for 15 min. The supernatant was used as a source of enzymes.
Column Chromatography. Extract from 10 g of leaves were loaded on a DEAE-cellulose (Whatman, DE 32) column (30 x 1 cm), equilibrated with 50 mm K-phosphate (pH 7.4). The column was washed with equilibration buffer till the nonabsorbed protein was rinsed from the column and then eluted with equilibration buffer containing 1.0 M NaCl. Fractions were collected and assayed for enzyme activity. Azocollase activity was not absorbed and was recovered in the void volume of the column. The azocollase containing fractions were pooled, dialyzed against 1 mm K-phosphate (pH 7.4), and subjected to preparative isoelectrofocusing using a L. K. B. (Bromma, Sweden) 8001 column with a 1% ampholine (L. K. B.) solution in the pH 3.5 to 10.0 range. The column was run at 1 w and 4C for 40 h. Protoplast Isolation. Leaves were cut in 4-mm2 pieces, vacuum infiltrated, and incubated in a solution of 0.37% Cellulysin (Calbiochem) and 0.1% polycillin in mannitol medium (0.6 M mannitol in 10 mM Mes-NaOH buffer, pH 5.5). After 16 h of incubation at 27C with gentle shaking, the macerated tissue was resuspended in this medium and carefully strained through two layers of cheesecloth. The filtrate was centrifuged at 22g for 20 min. The pellet, which contained the intact protoplasts, was resuspended in mannitol medium containing 25% Ficoll and overlayered with a solution composed of 15% Ficoll in mannitol medium. The gradient was centrifuged at 40g for 15 min and the protoplasts formed a layer on top of the 15% Ficoll solution.
The protoplasts were removed and washed with mannitol medium before they were broken by osmotic shock in 50 mM Kphosphate (pH 7.4) and used for enzyme assays.
Isolation of Extracellular Fluid. Extracellular fluid was isolated according to a modification ofthe method described by Klement (7). Leaves were cut in strips, extensively washed with distilled H20 to remove the contents of the damaged cells and vacuum infiltrated with a solution containing 50 mm K-phosphate (pH 7.4) and 3.5% NaCl. The surface of the leaf strips was dried by blotting with filter paper, and the leaf strips were rolled and placed in a centrifuge tube with a perforated bottom. This tube was placed in a nonperforated tube and centrifuged at 1,000g for PROTEINASE IN THE CELL WALL drogenase (2), glucose-6-P-dehydrogenase (8), carboxypeptidase (10), aminopeptidase (10), and hemoglobinase (11) were assayed as described. Protein was measured by the method of Bradford (4) using BSA as standard. Inhibitors of proteinase activity were used without preincubation at the concentrations indicated.
RESULTS AND DISCUSSION Characterization of Azocoll Digesting Proteinase. The leaves were homogenized as indicated in "Materials and Methods," and the extract desalted with a Sephadex G-25 column. The resulting crude enzyme preparation was used for a preliminary characterization of the Azocoll-digesting (azocollase) activity. Azocoll is an insoluble collagen preparation to which a red dye is covalently linked. Azocollase activity results in the solubilization of the collagen and the release of the dye in the supematant. The activity of the enzyme is measured by determining the absorbance of the supernatant. Azocoll was digested maximally at pH 9.0, and there was no hydrolysis of the substrate at pH 6.0 or below. The optimum temperature for the assay was 40°C, and the activity of the enzyme was barely detectable at room temperature (I 8°C) using the same incubation time. Azocollase was routinely measured at 378 and in 25 mM Tris-HCI (pH 9.0). Addition of mercaptoethanol (0.1% v/v) to the hemogenization medium did not increase the total azocollase activity present in crude extracts. Azocollase activity was inhibited 50% by the presence of 3 mm EDTA and nearly totally by the presence of 0.2 mm p-chloromercuribenzene sulfonic acid. Phenylmethylsulfonyl fluoride (2 mM) and N-ethylmaleimide (3 mM) had little or no effect on enzyme activity. Bushbean (Phaseolus vulgaris) leaves have been reported (14) to contain one major azocaseindigesting enzyme which has a basic pH optimum (pH 9.0-9.5). Soybean leaves, on the other hand, contain two different proteinases which digest Azocoll, and these ezymes differ in their size and isoelectric points (10) . Using a combination of ion-exchange chromatography and isoelectrofocusing, we investigated whether more than one azocollase is present in the leaves of P. vulgaris cv Greensleeves used here. Fractionation of a crude extract on DEAE-cellulose resulted in the separation of azocollase from carboxypeptidase and aminopeptidase. Both exopeptidases bound to DEAE-cellulose, whereas azocollase did not. This result is similar to the one obtained with soybean leaves (10) . The azocollase-containing fractions were pooled, dialyzed against 1 mm K-phosphate (pH 7.4) and subjected to isoelectrofocusing in the pH 3.5 to 10.0 range. Azocollase activity formed a single peak at an isoelectric point between pH 10.0 and pH 10.5. Similar pH curves, temperature curves, sensitivity towards protease inhibitors and isoelectric points were obtained whether homogenates of young, mature, or senescing leaves were used. This indicated that one enzyme was responsible for the azocolldigesting activity in the leaves of P. vulgaris. This enzyme had a mol wt of 37,000 as determined by gel filtration on a calibrated Sephadex G-100 column. It is noteworthy that soybean leaves contain an azocollase with similar properties (pl = 9.0, mol wt = 52,000; pH optimum = 9.0).
Azocollase during Leaf Development. Azocollase activity was assayed in extracts of young (4 d), mature ( 15 d), and senescent (38 d) leaves. When the activity was expressed as units per g fresh weight, the enzyme activity declined 4-fold during this time period, whereas the specific activity of the ezyme in the crude extracts declined about 2-fold. Hemoglobinase, which is an acid proteinase with a pH optimum of 4.5, increased moderately during this same period.
Localization Studies. Protoplasts isolated from leaf strips that were incubated for 16 h at 27°C with cell wall degrading enzymes were assayed for azocollase activity. The azocollase content of the protoplasts was, compared with the azocollase activity which was originally present in the leaf tissue, very low. The protoplasts contained, based on the assumption that the cell wall contributed not substantially to the total cell protein content, only 4% of the azocollase activity present in the leaf tissue. When leaf tissue was incubated under the same conditions as described above, but in the absence of cell wall degrading enzymes, azocollase activity leached out of the tissue in the incubation medium. This indicated that the enzyme may have been associated with the cell wall or periplasmic space, two compartments which were destroyed during the isolation of protoplasts.
In a second series of experiments, we investigated if azocollase activity was present in the extracellular fluid. The extracellular fluid was isolated without destroying the cells of the leaf tissue. Leaf strips were infiltrated with a buffered solution, and the solution then separated from the cells by a gentle centrifugation (I000g). Once the extracellular fluid had been removed by centrifugation, the tissue was homogenized. Azocollase, malatedehydrogenase, and glucose-6-P-dehydrogenase activity were determined in the extracellular fluid and the homogenate which represents the intracellular fluid. Malate dehydrogenase and glucose-6-P-dehydrogenase were assayed as markers for the cell content. The results showed that 75% of the total azocollase activity but almost no malate dehydrogenase and glucose-6-Pdehydrogenase activity were present in the extracellular fluid.
The fact that such a high percentage of the total azocollase activity could be removed from the tissue without rupturing the cells was another indication that the enzyme was associated with the cell or periplasmic space. If the leaf strips were infiltrated with the same buffer (50 mm K-phosphate [pH 7.4]) but without the 3.5% NaCl, the yield of azocollase was slightly less (60% of the total activity was extracted). If distilled H20 was used to infiltrate the leaf strips, only 5% of the total azocollase was extracted. These results indicate that buffer and salt aided in dislodging the proteinase from the cell wall. Suzuki and Sato ( 12) suggested that ionic bonds are involved in the binding ofenzymes to the charged groups of the cell wall polymers. These ionic bonds are normally broken when the leaves are homogenized and the ions contained within the cells released. Cell walls, that were isolated from a crude homogenate of the leaves, contained only 20% of the total azocollase activity (W. Vander Wilden, unpublished results). This points to a major problem in the localization of enzymes that are associated with the cell wall. Artifacts may arise during homogenization not only from the association, but also from the dissociation of enzymes from the cell wall. The method used here avoids the problems by extracting the enzyme without destroying the tissue.
There is at present little knowledge and much speculation about the role of cell wall enzymes. The cell wall contains peroxidases, glycosidases, and phosphatases (see 5, 6 ) most of which have acidic pH optima. In this respect, the cell wall enzymes resemble the vacuolar enzymes which are also acid hydrolases. This similarity led Matile (9) to suggest that the cell wall is part of the lytic compartment of the plant cell. The proteinase which we have identified has a basic pH optimum with respect to the substance azocoll. We do not know what the natural substrate of this proteinase is, and the pH optimum of the azocollase with its natural substrate may well be quite different. However, in the case of vicilin peptidohydrolase in mung bean cotyledons the pH optimum with respect to the natural substrate vicilin was found to be the same as toward azocoll (1) . It is noteworthy that young soybean leaves contain an azocollase with very similar properties (basic pH optimum and basic pl). It is tempting to speculate that this azocollase may also be localized in the cell walls. Whether these proteinases can degrade cell wall proteins remains to be demonstrated.
